Purified DNAs from Marek's disease virus (MDV) and the herpesvirus of turkeys (HVT) were randomly sheared and cloned into the M 13 bacteriophage. Two-hundred and ten MDV and 130 HVT clones were sequenced to give representative samples of the genome sequences. The predicted amino acid sequences from these gammaherpesviruses were compared to known sequences from other herpesviruses using computer analysis. Thirty-five MDV and 24 HVT genes were identified by comparison with varicella-zoster virus (VZV), an alphaherpesvirus. However, only 14 MDV and seven HVT genes, giving generally lower homology scores, were found by comparison with Epstein-Barr virus (EBV), a gammaherpesvirus, indicating that MDV and HVT sequences bear greater similarity to VZV than to EBV sequences. A number of sequences were mapped by hybridizing labelled M13 clones to Southern blots of restriction fragments of MDV or HVT DNA. The results were consistent with the MDV and HVT genomes being collinear with VZV.
INTRODUCTION
There are over 80 different known herpesviruses which infect a wide range of animal species including birds, reptiles and fish as well as man. Because the group is so large, attempts have been made to subcategorize its members on the basis of such characteristics as biological properties, G +C content or genome structure. Based on biological properties three main subgroups have been proposed (Roizman et al., 1981) and are designated alpha-, beta-and gammaherpesviruses. There are representatives of each group that infect man and these have been the most intensively studied.
Alphaherpesviruses, such as herpes simplex virus (HSV) types 1 and 2 and varicella zoster virus (VZV), cause primary infection of epithelial cells giving rise to vesicular lesions. The virus than ascends the sensory nerves to establish a latent infection within ganglia from which periodic recurrences of the disease may arise (Roizman, 1982) . Betaherpesviruses include the human cytomegalovirus (CMV), which causes an asymptomatic infection in adults but may cause severe infection in the newborn or immunocompromised. Persistent infection is established although the site is uncertain, but may be secretory glands, lymphoreticular cells and kidneys (Roizman, 1982) . The third group are the gammaherpesviruses, which replicate within lymphoblastoid cells, although some may also infect epithelial and fibroblastoid cells (Roizman, 1982) . A member of this group, Epstein-Barr virus (EBV) is the causative agent of infectious mononucleosis in man. It can immortalize B cells and is associated with Burkitt's lymphoma and nasopharyngeal carcinoma. It is to this group that two avian herpesviruses, Marek's disease virus (MDV) and the closely related herpesvirus of turkeys (HVT) have been assigned, primarily because of their tropism for lymphocytes (Roizman, 1982) .
MDV serotypes are classified into three groups. MDV serotype 1 is highly infectious, causes cytolytic infection of T and B cells and may induce T cell lymphomas in chickens (Payne, 1982) . It replicates within and is secreted from feather follicle epithelial cells. Serotype 2 consists of naturally occurring non-pathogenic MDV strains. HVT, classified as serotype 3, is nononcogenic in chickens and only mildly infectious, causing an inapparent infection (Payne, 1982) . The viruses are related serologically and HVT has been used as an effective vaccine against MDV (Purchase et al., 1972) . Cross-hybridization studies have shown that their genomes are collinear (Igarashi et al., 1987) . Although MDV and HVT have been categorized as gammaherpesviruses on the basis of their biological properties, their genome structure is similar to that of the alphaherpesviruses or betaherpesviruses, being composed of long and short unique segments (UL and Us respectively) each bounded by inverted terminal repeat sequences (Cebrian et al., 1982) . The gammaherpesvirus EBV, which would be expected to have a greater similarity to MDV and HVT, has a different structure. It has no inverted repeat sequences, but a number of internal clusters of direct repeats.
With more DNA sequence data becoming available it is now possible not only to determine the genome organization of different herpesviruses but to compare directly the amino acid sequences of individual genes. So far comparison of such sequences has supported the classification of herpesviruses into subgroups based on biological properties. The genome arrangements of the two human alphaherpesviruses, HSV and VZV, have been shown to be essentially collinear (Davison & Wilkie, 1983) , but with some variation within Us (Davison & McGeoch, 1986) . When the gammaherpesvirus EBV is compared to VZV, however, major rearrangements are revealed (Davison & Taylor, 1987) . Although many genes still remain linked in the EBV genome, blocks of genes have been moved or inverted relative to each other, compared to VZV. A number of homologous genes have also been identified in different herpesviruses, e.g. HSV glycoprotein B homologues have been found in VZV (Davison & Scott, 1986a) , CMV (Cranage et al., 1986) , EBV (Pellett et al., 1985) and pseudorabies virus (PRV) (Robbins et al., 1987) . Considerable homology has also been found between the DNA polymerase genes of HSV, EBV and CMV (Kouzarides et al., 1987) .
Although there may be little apparent homology between nucleic acid sequences from different herpesviruses, similarity becomes clear when amino acid sequences are compared. In view of the high degree of amino acid homology previously found, we have attempted to identify randomly sheared fragments of MDV and HVT DNA by cloning them into the M13 bacteriophage and determining their DNA sequence. The predicted amino acid sequences could then be compared to known sequences from other herpesviruses by computer analysis and identified sequences mapped to determine the overall genome organization.
METHODS
Purification of virus DNA. The MDV strains used were HPRS-16 (Purchase & Biggs, 1967) and its attenuated derivative HPRS-16/att (Churchill et al., 1969) . The HVT strain used was Fc-126 (Witter et al., 1970) . Virus DNA was extracted from purified nucleocapsids and high molecular weight DNA obtained by rate zonal centrifugation (Lee et al., 1980) . Purified HPRS-16/att DNA was used for sequencing analysis since this gave a better yield than HPRS-16. For Southern blot analysis HPRS-16 MDV DNA was extracted by the Hirt procedure (Hirt, 1967) . For HVT, DNA was extracted according to Lee et al. (1980) . DNA sequencing. Purified virus DNA was randomly sheared by sonication (Deininger, 1983) , and cloned into Sinai-cut, dephosphorylated M13mpl0 (Amersham). M13 dideoxynucleotide sequencing was carried out as described in Biggin et al. (1983) .
Identification of MDV and HVT genes. Using a computer program, NEEDLE, written for the VAX system, batches of DNA sequences were translated into all six reading frames creating a library file in NBRF format. Using the FASTP program (Lipman & Pearson, 1985) , each sequence was taken and searches made for homologous sequences by the FASTPM procedure (Binns et al., 1987) . Searches were made against VZV genes (Davison & Scott, 1986a) and EBV genes (Baer et al., 1984) since the entire nucleotide sequences have been determined for both of these viruses. In addition searches were made against published HSV-1 and HSV-2 sequences (Bzik et al., 1984; Draper et al., 1984; Quinn & McGeoch, 1985; McGeoch et al., 1985 McGeoch et al., , 1986 McGeoch & Davison, 1986a, b; Gompels & Minson, 1986; Davison & Scott, 1986b) , CMV sequences (Cranage et al., 1986 (Cranage et al., , 1988 Kouzarides et al., 1987) and PRV sequence (Robbins et al., 1987) .
The scoring system used was that described by Lipman & Pearson (1985) . Generally, optimized scores of over 90 were selected as positive. Scores between 50 and 90 were also carefully scrutinized and between these levels some were clearly anomalous e.g. where a score was obtained for a sequence already clearly identified as homologous to a different gene. Several scores between 59 and 90, obtained against EBV sequences, were considered true positives. However, when homology was found with the same random sequence to homologous VZV and EBV genes, the VZV gene gave a higher score. The statistical significance of the matches observed was determined using the RDF program (Lipman & Pearson, 1985) .
Southern blot hybridization.
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RESULTS

Identification of random sequences
The sequences of 210 MDV and 130 HVT random clones were screened for homologous amino acids against all possible VZV and EBV genes, representatives of alpha-and gammaherpesviruses respectively, plus available sequences from HSV-1, HSV-2, PRV and the betaherpesvirus CMV, using NEEDLE and FASTPM. The results of screening MDV and HVT sequences against VZV, EBV and the three CMV sequences are shown in Table 1 for MDV and  Table 2 for HVT. With both viruses a considerable number of homologies were found, and genes were identified by comparison with VZV. From 39 kbp of unique MDV sequence (representing approximately 24~ of the genome), homologies were found to 35 different VZV genes, and from 23 kbp of unique HVT sequence (representing approximately 15~ of the genome), 24 homologies were found. In a number of instances more than one sequence was found to be homologous to the same gene and in these cases only one, usually that giving the highest score, is shown in the tables. Fewer homologies were found to EBV, and those which were identified gave a higher score with VZV in every case. The scores against the three CMV genes were also lower than against VZV. When screened against known HSV-1, HSV-2 and PRV sequences, scores similar to those with VZV were obtained (results not shown). These results strongly suggest that MDV and HVT bear a greater resemblance to VZV and HSV than to EBV and CMV. All homologies in Tables 1 and 2 were found to be significant to at least 5 standard deviations.
Examples of the homologies found are illustrated in Fig. 1 which shows part of the ribonucleotide reductase (large subunit), major DNA-binding protein and exonuclease amino acid sequences. For all the examples shown, it is clear that the MDV amino acid sequences more closely resemble the VZV sequences than the EBV sequences. Examples of homologous Homologue of HSV-1 IE175 * The genes are identified in the first column by their VZV gene number (Davison & Scott, 1986a) . 1" The scoring system is that described by Lipman & Pearson (1985) . :~ Cases where no statistically significant score was found for EBV genes are represented by -. et al., 1984) .
sequences found in both MDV and HVT are shown in Fig. 2 illustrating the high degree of homology at the amino acid level. When corresponding DNA sequences were examined, the homology was 60 to 80~ (results not shown). The sequences examined may not, of course, be representative of the whole genome and may be the more highly conserved regions.
Mapping identified sequences
The approximate map positions of a number of MDV and HVT genes were located by hybridizing the 3~P-labelled clones containing identified sequences to Southern blots of restriction endonuclease digests of virus DNA. All sequences from genes with known functions were mapped plus several unknowns. In total, 19 genes from MDV and 12 from HVT were mapped. MDV sequences were hybridized to Southern blots of BamHI and SmaI digests of HPRS16 DNA. The restriction fragment to which the sequence hybridized was identified by reference to the restriction maps for these enzymes (Fukuchi et al., 1984) . HVT sequences were similarly mapped by hybridization to Southern blots of BamHI-digested Fc-126 DNA by reference to the HVT restriction map (Igarashi et al., 1987) . Some HVT sequences were also mapped by hybridization to cloned MDV BamHI fragments.
The results, summarized in Fig. 3 , indicate that the arrangement of MDV and HVT genes is collinear with that of VZV within UL, if the UL of VZV is represented as inverted with respect to the prototype orientation. Minor variations have not been entirely ruled out however, since where more than one gene maps to the same restriction fragment their order within the fragment has not always been established, e.g. DNA polymerase and DNA-binding protein both map to the MDV BamHI-E fragment and to the HVT BamHI-B. Also the HVT ribonucleotide reductase gene could map to either HVT BamHI fragment K1 or Kz, although since the MDV and HVT genomes are collinear it is almost certainly K1 (see Fig. 3 ). Similarly, it was not possible to resolve clearly the HVT BamHI-A and -B fragments on Southern blots. However, the major capsid protein, gB, gH, DNA-binding protein and DNA polymerase sequences, which all map to BamHI-A or -B, have been assigned to BamHI-B since they cross-hybridized with the MDV BamHI-C, -I3, -K z or -K3, -E and -E fragments, respectively, under conditions of low stringency. These fragments align with HVT BamHI-B, and MDV sequences found to be homologous to the same genes also mapped to the same MDV fragments, except the gH gene for which no MDV M13 clone was available. The HVT sequence homologous to gH hybridized to the MDV BamHI-K: or -K 3 fragment under conditions of low stringency. The overall results are entirely consistent with the UL of MDV and HVT being collinear with that of VZV. The genes that map to the Us segments of MDV and HVT also map to Us in VZV and HSV, although the gene order in the Us regions of MDV and HVT has not been established. DISCUSSION We have identified 35 MDV and 24 HVT genes from random sequences and mapped about half of these. In doing so we have shown that the two viruses bear greater similarity to the alphaherpesviruses VZV and HSV than to the gammaherpesvirus EBV and probably the betaherpesvirus CMV. Not only do the gene sequences reveal closer homology, but the genomes appear to be collinear with VZV, at least within UL. The Us region may well be more variable, as has been shown by comparison of VZV and HSV (Davison & McGeoch, 1986) . The genes we have mapped to Us, however, also map there in VZV and HSV, although we have not mapped their order within this region. The genes mapped within Us include homologies to two immediate early proteins, IE68 and IE175 of HSV. Also, interestingly, a homologue to HSV US3, which is homologous to the protein kinase gene family (McGeoch & Davison, 1986b; Frame et al., 1987) has been identified.
The sequences within the inverted repeats bounding UL (IRL/TRL) may be more variable. In VZV the IRL/TRL sequence consists of only 88.5 bp (Davison, 1984) whereas that of MDV and HVT is considerably larger, similar to that of HSV. The BamHI-H fragment of MDV, which contains about 3 kbp of IRL, has been completely sequenced and no homology was detected to any other herpesvirus sequences, including the corresponding region of HSV (M. M. Binns, Ross, unpublished data) . Also, the MDV and HVT genomes, at 166 kbp and 155 kbp respectively (Ross, 1985) , are larger than that of VZV, at 125 kbp (Davison & Scott, 1986a) , implying that they may contain additional coding regions.
The collinearity between the genomes suggests that the avian gammaherpesviruses MDV and HVT are more closely related in evolutionary terms to human alphaherpesviruses VZV and HSV than to the human gammaherpesvirus EBV. This was surprising since the reverse had been expected. Comparisons ofgenome organization between five alphaherpesviruses, HSV-1, HSV-2, VZV, PRV and equine herpesvirus 1, has shown extensive genome collinearity between the viruses (Davison & Wilkie, 1983) . In contrast, when the genome organizations of VZV and the gammaherpesvirus EBV are compared, three regions containing conserved genes are observed. Although the genes are generally collinear within these regions, the three are arranged differently in the two genomes (Davison & Taylor, 1987) . The only gammaherpesvirus other than EBV that has had its genome characterized to any extent is herpesvirus saimiri (HVS). A gene mapping to the right-hand end of the HVS genome is homologous to one mapping to the left end of the EBV genome (Cameron et al., 1987) and no homologous gene has been found in VZV implying that it may be unique to gammaherpesviruses. Recently, 14 HVS genes with homology to EBV genes have been identified. Of these, only three have recognizable homologues in VZV. Furthermore, the gene order and orientation closely resembled that in EBV (Gompels et al., 1988) . This finding, showing strong genomic similarity between two primate gammaherpesviruses, further accentuates the relationships that MDV and HVT exhibit when compared to other herpesviruses. Although the similarity between MDV, HVT and the alphaherpesviruses was unexpected, antigenic cross-reactivity between MDV, HVT and HSV-1, HSV-2 and PRV has previously been detected by immunofluorescence and agglutination (Ross et al., 1971) .
The homologies found include three glycoproteins, homologues of HSV-1 gB, gC and gH, all of which map within UL. Both VZV and HSV also code for a number of additional glycoproteins within Us. We have not found homologies to any of these but, given the overall similarity between the genomes, it is highly probable that further glycoproteins are encoded within the Us of MDV and HVT. Only two distinct glycoproteins have been identified serologically from MDV and HVT, the A and B antigens (Van Zaane et al., 1982; Velicer et al., 1978) . Our results indicate that there must be more. The determination of which VZV or HSV glycoproteins, if any, are homologous to the A and B antigens awaits further investigation.
The methods used here represent a rapid way of determining the genome organization of herpesviruses, and can be used when DNA homology between two herpesviruses is too low to be detected by Southern blot hybridization. Provided that restriction endonuclease mapping data are available, the relative positions of the genes can be determined. Once a number of genes have been mapped the probable positions of others that may be of interest can be deduced. Evolutionary relationships between herpesviruses may also be ascertained. Our results show that the categorization of herpesviruses as alpha-, beta-or gammaherpesviruses on the basis of biological properties is not necessarily a reflection of their true evolutionary relationships.
